One-dimensional light harvesting structures illuminated by a conventional lens are studied in this paper. Our theoretical study shows that high transmission efficiencies are obtained when the structure is placed near the focal plane of the lens. The considered structure is a finite slit-groove array (SGA) with a given number of grooves that are symmetrically distributed with respect to a central slit. The SGA is nano-patterned on an opaque metallic film. It is found that a total transmittance of 80 % is achieved even for a single slit when (i) Fabry-Perot like modes are excited inside the slit and (ii) the effective cross section of the aperture becomes of the order of the full width at half maximum of the incident beam. A further enhancement of 8 % is produced by the groove array. The optimal geometry for the groove array consists of a moderate number of grooves (≥ 4) at either side of the slit, separated by a distance of half the incident wavelength λ. Grooves should be deeper (with depth ≥ λ/4) than those typically reported for plane wave illumination in order to increase their individual scattering cross section.
I. INTRODUCTION
Nanostructured metal films have important applications in sensing and photodetection due to their ability to collect and manipulate light at the nanoscale [1] [2] [3] [4] . For instance, the high local density of states achieved inside a single hole can boost the fluorescence of molecules localized in the reduced volume of the hole 5, 6 . A single aperture drilled on an opaque metal film can be surrounded by periodic structures, like in the slit-groove array (SGA) shown in Fig. 1 , to efficiently harvest light and subsequently squeeze it through the aperture. The surface corrugation acts like an antenna that couples the incident light into surface modes, which are responsible for squeezing the EM energy into the aperture 4 . The light harvesting process can be made more efficient by increasing the size of the system, provided that it does not exceed the propagation length of the surface modes. As a consequence of the light harvesting process, the power radiated to the farfield can be one or two orders of magnitude larger than the power impinging on the aperture [7] [8] [9] [10] [11] [12] [13] [14] . The metal can also be sculpted on the exit surface to modify the re-emission pattern emerging from the aperture, leading to the beaming phenomenon 8, 15 . Phase compensation mechanisms produced by the outer corrugation allow the design of novel kind of lenses [16] [17] [18] [19] [20] . The quasi-two dimensional nature of all such structures paves the way to its integration into optoelectronic devices with levels of miniaturization and operational speeds that could be never achieved with standard electronics [21] [22] [23] [24] [25] [26] .
A key feature of the optical response of a subwavelength single slit is that its effective cross section (σ) is larger than the aperture size (w s ) 4 , which means that the aperture transmits more light than the one impinging directly on it. Even an infinitesimal narrow slit at resonance in a perfect electric conductor (PEC) film has a large σ pw = λ/π 27 , which is of the order of the wave- . . . 
FIG. 1. (Color online)
. Schematic representation of a slitgroove array on a free-standing gold film (thickness hs) illuminated by a thin cylindrical lens with focal distance f . A central slit of width ws is surrounded by 2Ng grooves (width wg, depth hg, period P ), which are symmetrically distributed at either side of the slit. The distance from the slit to the first groove is called dsg. The aperture is centered at the principal axis of the lens.
length λ of the incident radiation.
It is usually assumed in theoretical calculations that the system is illuminated by a plane wave (PW), in accordance with the broad wave front used in typical experimental conditions. In this paper we analyze the case that the PW front is focused with help of a conventional lens. Thanks to its macroscopic dimensions, the lens collects an amount of energy several orders of magnitude larger than the one impinging directly on the aperture and focuses such energy in a spot with size of the order of the wavelength. When the size of the focus and the effective cross section of the aperture are of the same order, a large total transmittance (T ) is expected for the new illumination conditions. However, to the best of our knowledge, this way of illuminating the system has not been examined previously.
The first goal of this paper is to show the enhancement of T when a subwavelength aperture is located at the focal plane of a lens. Furthermore, the density of EM energy near a subwavelength aperture provided by the lens is so high that one should wonder if a further enhancement of T is still possible. Therefore, the second goal of this paper is to show that a groove array can increase the total amount of light transmitted through the aperture, even in the case that only a small fraction of the groove array is illuminated by the central spot of the lens. Moreover, the sensitivity to the position of the SGA with respect to the focus of the lens is studied. We also provide ideal geometries for achieving high transmission intensities by optimizing the system shown in Fig. 1 under the new illumination conditions. The paper is organized as follow. Section II describes the theoretical framework. The optical response of a single slit is first considered in section III. Optimal SGAs are discussed in section IV. At the end of the paper the main conclusions are presented. Figure 1 describes the geometry of the system under study: a SGA illuminated by a cylindrical lens with focal distance f . We assume that a p-polarized plane wave of wavelength λ and electric field E 0 , parallel to the x axis, impinges perpendicularly on a thin cylindrical lens fixed at z = 0, see Fig. 1 . The fields of the lens are computed adapting the general method presented in Ref. 28 to the case of a cylindrical lens. This method consists in two main steps: (i) the fields near the optical lens are formulated by the rules of geometrical optics within the paraxial approximation 29 and (ii) the lens fields are rigorously propagated to an arbitrary plane z > 0 at the far-field by the means of the angular spectrum representation 28 . In this way, the non-vanishing components of the EM fields parallel to the metal plane can be written as
II. THEORETICAL FRAMEWORK
where
2 ) is the admittance of the propagating fields, and C 0 = √ 2ArcSinh(1) ≈ 5/4. The perpendicular component of the electric field, E z , can be derived from Maxwell's equations. As we are computing the fields in the far-field of the lens, the above integrals are limited to propagating states |k| ≤ k λ . The fields are normalized to render a unity total power behind the lens,
It is straightforward to compute the intensity of the xcomponent of the electric field I E (x, z) at the focal plane (z = f ),
where the function sinc(x) ≡ sin x/x. This quantity has an absolute maximum equal to 2/(λC 0 ) at x = 0, secondary maxima at x n = (2n + 1)λ/4, and vanishes at the points x n = nλ/2, where n is an integer different from zero. The width of the main peak, defined as the distance between the two first minima, is equal to λ. The normalized intensity at the focal plane, C 0 λI E (x, f )/2, is represented in Fig. 2 (a).
The intensity of H y at the focus is I H (0, f ) = 2C 0 /λ. It is 56 % larger than I E (0, f ). I H (x, f ) at other points of the focal plane has a more cumbersome expression that must be evaluated numerically. In contrast with PW illumination, E x and H y are no longer proportional after traversing the lens, although their normalized intensities show similar features, see Fig. 2 (a). It is worth to notice, however, that the minima of H y are slightly shifted to x nλ/2. Fig. 2 (b) shows the intensity of the y-component of the magnetic field (in a logarithmic scale) in a region near the focus. The position relative to the focal plane is labeled as z F ≡ z − f . Out of focus, the main peak is broader and has an intensity lower than at the focal point, although the minima at x n nλ/2 show now a non-zero intensity.
The optical response of the system is computed in the framework of the coupled mode method (CMM) 4 , which is briefly reviewed here for the sake of completeness. The CMM is based on a convenient representation of the EM fields in each region (waveguide modes and plane waves are used inside the defects and in the space surrounding the metal film, respectively).
The metal is treated as a PEC. This approximation captures the main trends of the response of a metal at optical frequencies, is a good approximation in the infrared part of the spectrum, and provides practically exact results for the THz regime 4, 14 . A generalization of the results for the case of a real metal is straightforward 30 and does not change the main conclusions at which we arrive in the paper.
For a subwavelength aperture, convergence is rapidly achieved with a small number of waveguide modes, with the fundamental-mode approximation already showing an excellent agreement with fully converged results 31 . Therefore, only the fundamental propagating eigenmode of a planar waveguide is considered for slit and grooves, i.e. the electric field inside the indentation α is a linear combination of φ α exp(±ik λ z), with φ α = w −1/2 s and w −1/2 g for the slit and the N g identical grooves, respectively.
After matching the fields at the interfaces, the matching equations can be expressed as a function of the set {E α , E ′ 0 }, which gives the amplitude of the waveguide modes right at the indentation openings: E ′ 0 at the output side of the slit and E α at the input side of slit (α = 0) and grooves (α = ±1, ±2, . . ., N g ). After some straightforward algebra, we end up with the following set of 2N g + 2 equations for the unknowns {E α , E ′ 0 } 10 :
The function ǫ α = −i cot(k λ h α ) takes into account the bouncing back and forth of the electromagnetic fields inside the defects. G ν = −i sin −1 (k λ h s ) represents the coupling between the fields at the two sides of the slit. G αβ = ϕ α |G σ |ϕ β is the projection onto wavefields ϕ α and ϕ β of the green function
0 (x) being the Hankel function of the first kind 4 . The term G αβ E β in Eq. (2) can be viewed as the reillumination of indentation α by the EM field coming from indentation β, while G αα E α is a self-interaction term.
Only the independent term I α is a function of the field provided by the lens. It gives the direct illumination over defect α, centered at the position x α . I α is proportional to the overlap of the waveguide mode α and the incident EM field, and reads
where φ α = kw α /2. For a very narrow aperture (sinc(φ α ) ≈ 1) located at the focal plane, the illumination is proportional to the magnetic field, I α (x α , f ) ≃ 2w 1/2 α H y (x α , f ). At the focus, it simplifies to
Finally, the total transmittance T is defined as the ratio of the energy power radiated to the far-field P rad and the total incident power P inc t . T can be cast in a simple analytical form
where E ′ * 0 is the complex conjugate of E ′ 0 . The effective cross section of a slit of width w s is defined as
where P inc slit is power incident directly on the slit. For the particular case of infinitesimal slit at the focus, it is straightforward to compute the incident power, P 
III. SINGLE SLIT
In this section we study the optical response of a single slit of width w s drilled in a PEC film with thickness h s . The spectral locations of its characteristic transmission peaks are associated with the resonant condition
see Ref. 4 . It gives rise to Fabry-Perot (FP) like modes, which are independent of the way the system is illuminated. We consider first the extreme subwavelength regime for the slit, w s ≪ λ. In this limiting case, FP modes occur when the metal thickness is an integer multiple of half the wavelength, h s = nλ/2 10 . As mentioned above, an infinitesimally narrow slit has a large (∼ λ) effective cross section σ pw = λ/π when it is at resonance. This expression was first reported in Ref. 27 and later rederived in the framework of the CMM 4 by taking the limit w s ≪ λ in Eq. (2) .
PW illumination has been assumed in those previous calculations. However, when the incident light is focused by the lens on the infinitesimal aperture, a closed-form expression can be derived for the total transmittance. We start from the general expression for the total transmittance at resonance
derived in Ref. 4 for the extreme subwavelength regime. It was obtained using the resonant condition (7) in Eq. (4) and taking the limit w s ≪ λ in the expression for G 00 . Assuming that the infinitesimal slit is at the focal point of the lens (x 0 = z F = 0) and using Eq. (3) for |I 0 |, we find that
Such large value of T res , which is independent of both w s and λ for a very narrow aperture, is the main result of this paper. We recall that, in contrast with this 80% of efficiency, the total transmittance for a PW impinging directly on metal surface is vanishing small due to the infinite extension of its wave front. In practice, the PW transmittance should be normalized to the power incident on a finite area, like the area of the aperture 4 . The enhancement of T can be explained by the large effective cross section of the slit, which is easily obtained after replacing T res in Eq. (6),
It approaches the full width at half maximum (FWHM) of the intensity of the incident field, which is equal to FWHM≈ 0.44λ in Fig. 2(a) . Such small increment of 25 % with respect to σ pw is enough to allow that a 80 % of the focused light can be transmitted through the aperture. All previous analytical results have been derived for a very narrow subwavelength aperture with w s ≪ λ. We study now a finite subwavelength slit with a typical experimental width, w s = 0.1λ. For w s > 0, FP-like modes at fixed λ are excited in thinner metal films, h s < nλ/2 32 . So we get a resonant thickness of h s = 0.37λ for w s = 0.1λ and n = 1. Fig. 3 shows both T and σ/σ pw as a function of z F for such slit. At the focal point, we have that T ≈ 0.8 and σ ≈ 1.27σ pw . Such values are slightly larger than (but in excellent agreement with) those obtained for an infinitesimal aperture. The difference is on the second decimal place. Notice that for the finite slit under PW illumination σ pw (w s > 0) is slightly smaller than for an infinitesimally narrow slit. We find σ pw (w s = 0.1λ) = 0.99σ pw . This value is represented with a red-dotted horizontal line in Fig. 3 . As a function of z F , T shows a main peak at the focal plane of the lens (z F = 0) and secondary peaks of lower intensity when the slit is out of focus. This behavior can be explained by the non-monotonous dependence of the magnetic field incident on the slit. Extreme values of both |H y | 2 and T occur at the same z F , c.f. Figs. 2(b) and 3(a). The oscillation of σ around the constant value for PW illumination can be explained in a similar way.
IV. SLIT-GROOVE ARRAY
We study now the total transmittance of a SGA near the focal plane of the lens. We assume that all grooves are identical, with depth h g , width w g , period P , and distance d sg from the first groove to the central slit. As in Fig. 3 , we consider a metal film with thickness h s = 0.37λ and a slit of width w s = 0.1λ centered at the principal axis of the lens. Fig. 4 shows T as a function of z F , near the focal region, for a SGA with N g = 0 (black-dashed line), 1 (red-solid line), and 2 (blue-dotted line) grooves at either side of the central slit. The inset shows the transmittance at the focus (T F ) as a function of the number of grooves
The response of the system has been optimized for providing a high transmission intensity when it is placed at z F = 0. In the optimization process, we can follow design rules similar to those developed in Ref.
14 for PW illumination. Thus, the largest transmittance is obtained when the Fabry-Perot mode of the slit (discussed in the previous section) is located at the same spectral position than the mode excited in the groove array 10 . The mode in the array is a function of the groove geometry, its optimal periodicity guarantees that the light re-emitted by the grooves reaches in phase the other grooves and the central slit. The interaction between the slit and the groove array can be further controlled by modifying d sg .
The main difference we find with respect to the optimal response for PW illumination is that groove cavity modes are not excited when the grooves are illuminated by the lens. Cavity modes for a groove with an infinitesimal width (w g ≪ λ) are obtained for a groove depth equal to h g = nλ/4, where n is an integer 10 . For a finite width, the first order groove cavity mode appears for h g < λ/4
14 ; when w g tends to zero, the ideal h g approaches λ/4 from below. However, in the presence of the lens, the first order mode for a finite width is found for h g > λ/4, so the groove cavity mode is not excited. Moreover, when w g tends to zero, the ideal h g approaches λ/4 from above. Grooves need to be deeper than in the case of PW illumination in order to increase their scattering cross section. In this way, the groove compensate the reduction of the intensity of the incident light out of focus, see Fig. 2(a) . On the other hand, we find that, for an optimal reillumination of the central slit, the distance between neighboring grooves should be of the order of λ/2 (see the discussion below). A set of geometrical parameters that satisfies all such requirements are given in the caption of Fig. 4 .
We observe in Fig. 4 that the intensity T F of the main peak for the SGA is larger than for a single slit. Moreover, T F increases with the number of grooves. An enhancement of 8 % with respect to the single slit is found. However, T F is saturated for a moderate number of grooves; practically not further enhancement is found for N g > 4 grooves. The intensity of the secondary peaks decreases with N g for N g > 1. However, the main peak shows an intensity T that is still equal to T F /2 at z F = 0.9λ. Its FWHM=1.8λ is practically independent of N g when N g > 4 grooves.
In order to gain physical inside, we make a careful analysis of the transmittance of the SGA with N g = 1. For this simple case (only two identical grooves are interacting with the central slit), closed-form expressions for the amplitudes of electric field at the input and output sides of the slit, E 0 and E ′ 0 , respectively, can be easily found by solving the system of Eqs. (2) . Replacing both E 0 and E ′ 0 in Eq. 4, the total transmittance can be written as where T s is the transmittance when only the central slit is illuminated (I 1 = 0), T g is obtained when only the grooves are illuminated (I 0 = 0), and T int is an interference term. Fig. 5 shows T at z F = 0, as well as its constituents terms, as a function of d sg for a SGA with N g = 1. We find that the slit receives most of the light directly from the lens, while only a small fraction is coming from the grooves (T s ≫ T g ). In fact, T g decays very fast with d sg , being practically negligible for d sg > 0.3λ. The oscillation of T s is related to the conditions of interference for the reillumination process. A similar behavior has been already reported in Refs.
9,33-38 . The oscillation of T int has a similar origin. T int is in antiphase with T s , leading to a total transmittance T that oscillates around the value obtained for a single slit. As a result of the interference between slit and grooves, we find that the ideal positions of the grooves are those located near the minima of the incident field, d sg ≈ nλ/2, see Fig. 2 .
Finally, it is worth to stress that a SGA optimized for PW illumination renders a poor response at the focal plane of the lens. Figure 6 illustrates this behavior for a SGA with 6 grooves at each side of the slit. Optimal geometric parameters are given in the figure caption. Grooves optimized for PW illumination have d sg , P ∼ λ and are shallower than those previously optimized at the focal plane of the lens, c.f. the geometries reported in Figs. 6 and 4 .
In order to characterize the response of the SGA when it is placed off focus, we define the ratio R = T SGA /T slit . It is equal to R P W = 12.98 when the SGA optimized for PW illumination is illuminated by a PW (in this case T is normalized to the power incident on the size of the system). Figure 6 shows R for the same system but near the focus of the lens and compares this curve with the In the calculations, we use the same slit than in Fig. 3 and 6 grooves at each side of the slit with optimal geometry: wg = 0.1λ, hg = 0.14λ, P = 0.95λ, and dsg = 0.87λ. The total size of the SGA is L = 11.2λ.
constant value R P W . Notice that both the numerator and the denominator of R vary now with z F . We observe that R < R P W near the focal region, having a deep minimum at z F = λ, see inset to Fig. 6 . Looking back at the field impinging on the SGA, see Fig.  2 , we find that when the SGA is near the focus most of the grooves are outside the hot spot of the lens, so the light collected by them is not enough to achieve the same efficiency than for a SGA illuminated with a PW. Moreover, R < 1 at the focus, i.e. the SGA optimized to operate under PW illumination, when placed at the focus of a lens, is less efficient than a single slit under the same illumination. Oscillations in R (see inset) are due to the non-uniform illumination provided by the lens.
By moving the SGA out of focus, the incident light reaches more grooves and therefore R starts to raise. R reaches its maximum value when the whole SGA is illuminated by the lens. Notice, however, that at such large relative distance T is rather small due to the reduction of the power directly incident on the slit. Far away from the focus, the hot spot is so broad that it behaves like a plane wave and R tends to R P W .
V. CONCLUSIONS
We have studied the optical response of a slit-groove array illuminated by a conventional cylindrical lens. The lens enlarges the effective cross section of the central slit by focusing the incident radiation on its opening. An effective cross-section 25 % larger than for plane-wave illumination together with the confinement of the incident field leads to a total transmittance at the focus T F = 80 % for the single slit. An optimal groove array further enhances T F in 8 %. The transmittance T decreases with the distance relative to the focal plane z F ; however, at a distance to the focus z F = 0.9λ, T is still equal to T F /2. Moreover, we have found that a slit-groove array optimized far away from the focus (i.e. for PW illumination) renders a low efficiency when it is at the focal plane of a lens.
The ideal geometry of the slit allows that the well known Fabry-Perot like modes are excited inside it. Grooves should be deeper (with depth ≥ λ/4) than those typically reported for PW illumination in order to increase their scattering cross section. A moderate number of grooves (≥ 4) is needed for achieving high intensities. The ideal distance between grooves is close to λ for PW illumination. However, grooves should be separated by a distance of ∼ λ/2 at the focal plane of the lens.
We hope that the present work could motivate further experimental and theoretical studies of the interaction of a SGA with both conventional lenses and metalenses, as well as future applications in the design of optical and infrared detectors.
